There has been limited success in identifying causal variants underlying association signals observed in genome-wide association studies (GWAS). The use of 1000 Genomes Project (1KGP) allows the imputation to estimate the genetic information at untyped variants. However, long stretches of high linkage disequilibrium within the genome prevent us from differentiating between causal variants and perfect surrogates, thus limiting our ability to identify causal variants. Transethnic strategies have been proposed as a possible solution to mitigate this. However, these studies generally rely on imputing genotypes from multiple ancestries from 1KGP but not against population-specific reference panels. Here, we perform the first transethnic fine-mapping study across three Asian cohorts from diverse ancestries at the loci implicated with eye and blood lipid traits, using populationspecific reference panels that have been generated by whole-genome sequencing samples from the same ancestry groups. Our study outlines several challenges faced in a fine-mapping exercise where one simply aims to meta-analyse existing GWAS that have been imputed against reference haplotypes from the 1KGP.
INTRODUCTION
Despite the success of genome-wide association studies (GWAS) in identifying genetic variants that correlate with complex diseases and human traits, 1 the persistent problem of missing heritability signifies that the identified variants present, at best, a modest contribution to the phenotypic variance. 2 A possible explanation is that the design of GWAS fundamentally relies on detecting proxy markers in the human genome, known as tagging single-nucleotide polymorphisms (SNPs), which are correlated to the biologically causal variants. The process of identifying the real causal variants is known as fine mapping. This usually requires complementing the patchy representation provided by genotyping microarrays in GWAS with denser sequence-level data, such as those from the 1000 Genomes Project (1KGP). 3, 4 However, the perception and strategy towards fine mapping have evolved significantly.
An early study by Jallow et al. 5 in localizing the hemoglobin S (HbS) variant in a malaria GWAS in The Gambia suggested that targeted sequencing of an implicated gene in a handful of population-specific individuals can provide a representative haplotype map that allows accurate imputation to isolate the protein-altering variant, which the use of an inappropriate haplotype map fail to achieve. Unfortunately, the presence of long-range linkage disequilibrium (LD) in most nonAfrican populations meant there were numerous perfect surrogates that were virtually indistinguishable from the causal variants, thus compounding the quest to localize them. 6, 7 Several reports then advocated the prospect of using different LD patterns intrinsic to multiple ancestries to overcome the challenge of long LD, [8] [9] [10] although identifying causal variants with certainty proved elusive even with this strategy of transethnic fine mapping, as seen in a recent report for type 2 diabetes. 11 This challenges the premise that a single causal variant will emerge with the strongest evidence of phenotypic association in transethnic fine mapping relative to all other neighboring markers.
The 1KGP supplies whole-genome sequence-level data for multiple populations from major ancestry groups globally. Statistical imputation against this reference panel produced in silico sequence-level information for the GWAS data at almost no additional cost, [12] [13] [14] [15] and it was felt that this approach would provide greater resolution in our fine-mapping effort while mitigating the need for most populations to perform their own targeted or whole-genome sequencing. One concern in using these reference panels is the knowledge that the HbS variant was not identified as the causal variant associated with malaria when a non-population-specific reference panel was used. This raises a question whether a cosmopolitan reference panel such as 1KGP is adequate to impute populations that are not included in the cosmopolitan panel and if not, whether judicious use of populationspecific reference panels will enhance our ability to localize proteinaltering variants through transethnic fine mapping.
In this study, we aim to answer the two pressing questions through a series of simulation exercises as well as real GWAS data applications. To evaluate how fallacious the belief that transethnic fine mapping can identify the causal variant with certainty, we simulated 2000 collections of case-control data in three major ancestry groups from HapMap2. We mimicked the ideal situation where a common causal variant was present in all three populations and the imputation reference panel was perfectly matched to the case-control data in each population. We then investigated how often single-population finemapping or transethnic fine-mapping rediscovered the simulated causal variant as the SNP with the strongest evidence.
To evaluate the effect of the two types of reference panels in imputing populations absent from the cosmopolitan panel, we performed transethnic fine mapping with GWAS data from three ancestry groups in Asia, consisting of East Asian Han Chinese, Southeast Asian Malays and South Asian Indians residing in Singapore. Besides the cosmopolitan reference panel from 1000G project phase I, we possessed population-specific reference panels for Southeast Asian Malays 16 and South Asian Indians 17 that were generated from highcoverage whole-genome sequencing. The intention is to locate the potential protein-altering variants underpinning the association between 176 genetic loci sieved from the NIH GWAS catalog (http: //www.genome.gov/gwastudies) 18 with either eye-related traits such as corneal curvature (CC), central corneal thickness (CCT), corneal astigmatism (CA) and optic disk area (ODA) [19] [20] [21] [22] [23] [24] [25] or blood lipid measurements such as triglycerides (TGs), high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C). [26] [27] [28] [29] [30] 
MATERIALS AND METHODS

Simulation setup
We used the HAPGEN program 31 with haplotype and recombination data from phase 2 of the International HapMap Project 32 to simulate case-control data with preselected SNPs as the causal variants, to evaluate whether these variants necessarily exhibit the strongest association evidence. A total of 2000 SNPs that were polymorphic in all three HapMap panels (CEU from European ancestry, JPT+CHB from Asian ancestry and YRI from African ancestry) but were not found on commercial microarrays were chosen as causal variants. For each SNP, 1000 cases and 1000 controls were simulated for each ancestry panel assuming a multiplicative model with an allelic relative risk of 1.5. The simulated data was thinned to retain only the SNPs that were located on commercial microarrays, before being recovered by imputation with IMPUTE 14 against the respective HapMap reference panel. This allowed the association evidence at each causal variant to be ranked against neighboring markers located within 750 kb. A logistic regression assuming additive model was performed on the simulated data. A detailed description of the simulation setup can be found in the Supplementary Material.
GWAS cohorts
Our study considered data from three independent genome-wide studies involving 1889 Chinese from the Singapore Chinese Eye Study (SCES), 2542 Malays from the Singapore Malay Eye Study (SiMES) and 2538 Asian Indians from the Singapore Indian Eye Study (SINDI). 33 35, 36 Details of the quality control criteria for genotyping and imputation for each cohort, including correction for covariates, HardyWeinberg equilibrium, minor allele frequency threshold and SNP/sample call rate are outlined in Supplementary Table S1. Three of the display panels indicate the causal variant ranking when the analysis is performed with the data from a single ancestry panel, whereas the fourth display panel indicates the rank when data from three ancestry groups are combined in a transethnic fine-mapping.
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Identification of trait-associated loci
We identified 176 unique loci from the NIH GWAS catalog that were associated with either eye-related traits or blood lipid. Several features of interest were recorded for each study: first author, journal, year of publication, genetic ancestry, sample size in GWAS stage, total sample size in replication stage, array genotyped, genomic control factor in GWAS stage (if available), use of imputed SNPs (Y/N) and the number of genomic regions achieving genome-wide significance in the initial and final stage (Supplementary Table S2 ). There was a GWAS for CCT that had been published using the cohorts from Singapore, 37 which was absent from the GWAS catalog, and we appended the loci reported in this study that achieved genome-wide significance.
Statistical analyses
The analysis at each locus included SNPs within 200 kb on either flank of the reported index variant. Multiple regions defined within the same gene are combined into one single locus if the distance between the index SNPs is within 100 kb. MANTRA was used to perform the meta-analysis of the three GWAS cohorts. It takes a Bayesian approach to calculate a Baye's factor (BF) in favor of association at each SNP by allowing for allelic effect heterogeneity between diverse populations. 10 Based on the number of SNPs considered (n = 1204), we adopted a significance threshold of 4 × 10 − 5 as the criterion for discovery in the meta-analysis of the three GWAS cohorts, which was equivalent to a log 10 BF of 3.38 in MANTRA, according to the conversion formula − log 10 (P-value) = 0.85 +1.05log 10 BF between P-values and BFs, established by Wang and colleagues 38 between P-values and BFs. 10 The proportion of phenotypic variance explained by the identified protein-altering variants at each locus is estimated within a regression framework by considering the difference in the regression R 2 values obtained by a set of SNPs with and without including the SNP of interest. To assess the improvement in fine-mapping resolution because of transethnic meta-analysis, we defined '99% credible set' of SNPs that harbors the 'causal' variant. At the jth SNP, the posterior probability that the SNP is 'causal' is calculated by j j ¼ B F j / P N k BF k , where N is the total number of SNPs. The '99% credible set' is then derived by agglomerating φ j with the largest value until the cumulative posterior probability exceeded 0.99. 39 In this manuscript, protein-altering variants are restricted to the nonsynonymous variants only (missense, nonsense, frameshift and so on). VarLD 9 is used to perform interpopulation comparison of regional patterns of LD.
RESULTS
Rank of the association signals at the causal variant
Regardless of whether fine mapping was attempted within a singlepopulation setting or in a meta-analysis of all three case-control collections, the simulated causal variants did not always emerge as the SNP with the strongest statistical evidence (Figure 1 ). In fact, this happened only in 23% and 26% of the 2000 collections for the European and East Asian ancestries, respectively. The causal variants exhibited the most significant evidence in 43% of the simulated African case-control collections and in 59% of the meta-analyses, where the higher proportions were likely due to gains from shorter LD blocks inherently present in African populations. We extended the search of the causal variants in the '99% credible set', a statistically Evaluate transethnic fine mapping in Asians X Wang et al Evaluate transethnic fine mapping in Asians X Wang et al rigorous approach used in MANTRA, which identifies that a list of SNPs cumulatively confer a 99% chance of harboring the causal variant. As expected, the causal variant was identified in the '99% credible set' in 99.2% of the transethnic fine-mapping analyses.
Transethnic fine-mapping GWAS loci for eye traits and blood lipids Using a log 10 BF of 3.38 as the Bonferroni-corrected threshold for the mean of 1204 SNPs in a region of 400 kb length across the 176 loci from GWAS of eye traits and blood lipids, our meta-analysis reproduced the associations seen at 26 loci with the respective phenotypes (Table 1) , thus qualifying these loci to the next stage of causal variant fine mapping. The index SNPs with the strongest evidence at these loci were all common (MAF 45%) in the three cohorts, although only the index SNP (rs7412-hg19 chr19: g.44908822C4T, a missense SNP) at TOMM40-APOE for LDL-C association was a protein-altering variant, except that this was already reported previously . 40 When we expanded the search to the '99% credible set' at each locus, four other protein-altering variants were identified at the ABCA1 locus for HDL-C (rs2230808), CARD10 locus for ODA (rs9610775), LPL locus for TG (rs328) and PDGFRA locus for CA (rs35597368).
Transethnic fine-mapping narrows associated regions To assess how transethnic fine-mapping narrows the associated regions, we compared the number of SNPs and the size of the genomic region covered by the '99% credible set' in each of the singlepopulation fine mapping, as well as in the transethnic fine mapping ( Table 2 ). As this assumes there is a single causal variant shared across multiple populations, six loci with multiple independent signals were excluded from this analysis (see Supplementary Material and  Supplementary Table S3 ). In all but one region (APOE), transethnic analyses reduced the number of variants in the '99% credible set'. The genomic intervals of the region spanned by the credible set also shortened considerably in most of the loci considered. The greatest reduction was observed at CELSR2 for LDL-C, where the interval was reduced from 400 kb within individual populations to only 6 kb after transethnic analysis, and the number of SNPs in the credible set was reduced from several hundreds to only nine, although none of the nine SNPs alter function (Figure 2 ).
Population-specific versus 1KGP cosmopolitan reference panel
The two sets of imputation performed on each of the three GWAS cohorts provided the opportunity to assess whether the use of a larger cosmopolitan reference panel will produce different index SNPs at the 26 loci, compared to the use of population-specific panels that are significantly smaller in sample sizes. We observed that in 20 out of the 26 loci, the top index SNPs were different between the two sets of analyses, although most of these index SNPs were within the '99% credible set 'on either lists (Table 3 ). There is no significant difference in the log 10 BF of the top SNPs. The only exception was the identification of rs7412 in TOMM40-APOE in the meta-analysis of the population-specific imputed data, which yielded a log 10 BF of 42.4 compared with the 1KGP equivalent of 22.9 ( Figure 3) . Instead, the meta-analysis of the 1KGP-imputed data identified a proxy SNP (rs72654473) with the strongest evidence (log 10 BF = 44.7). The reduction in the BF by 20 orders of magnitude was the consequence of excluding the Malay cohort in the transethnic meta-analysis at rs7412, as the quality of the imputation of this SNP was below the quality check threshold in the SiMES cohort using the 1KGP reference panel (Table 4) . To explain the difference in the imputation quality, we assessed the variation in LD patterns between the study populations and the reference panels with varLD. 9 We observed significant variations in LD structures at the TOMM40-APOE region between the study population and the cosmopolitan reference panel, but not the population-specific reference panels.
DISCUSSION
There have been several efforts to locate the causal variants driving GWAS signals with and without the use of data from diverse genetic ancestries. 9, 10 These studies have relied on the causal variants emerging with the strongest evidence of association, as was seen in fine mapping the sickle cell variant in the malaria study conducted in The Gambia. 5 However, we have shown, in our simulations, that even in the scenario where the GWAS was imputed against a perfectly matched reference panel, the causal variant did not emerge as the top-ranking SNP in about 57% of the simulations in single-population fine mapping. Combining data from diverse ancestries to perform transethnic fine mapping can increase the chance of accurately identifying the causal Figure 3 Regional plots of SNPs at the LDL-C locus TOMM40-APOE from two transethnic meta-analyses using either the population-specific reference panels or the cosmopolitan reference panel from the 1000 Genomes Project. In each panel, the index SNP is represented in purple with either a circle or a diamond, with the latter used if the variant is annotated to alter function by the University of California Santa Cruz genome browser. All remaining SNPs are assigned colors according to the extent of LD with the lead SNP in six categories: (i) r 2 ≥ 0.8 (red); (ii) 0.6 ≤ r 2 o0.8 (gold); (iii) 0.4 ≤ r 2 o0.6 (green); (iv) 0.2 ≤ r 2 o0.4 (cyan); (v) (ii) r 2 o0.2 (blue); and (vi) unknown r 2 (gray).
Evaluate transethnic fine mapping in Asians X Wang et al variant by leveraging the LD difference between the causal variant and the marker SNP across populations as well as increasing sample size, although it is difficult to qualify how much of the improvement is attributed to each of the two factors. Presently, varLD serves to quantify the interpopulation differences in LD patterns, but the varLD metric does not yield sufficient resolution on whether the observed difference in LD is expected to benefit transethnic analyses. For example, it is not possible to claim that a genomic region with a varLD score greater than a pre-set threshold will definitely benefit from a combined analysis between the different populations.
The current stage of GWAS fine-mapping studies are highly dependent on imputation with the 1KGP cosmopolitan reference panel. There are many examples of success in studies from European and East Asian ancestries, where the cosmopolitan panel is adequately representative of the study populations. However, our analyses have shown that for populations with ancestries that may not be similar to those in the reference panel, such as the Southeast Asian Malays, the evidence from fine mapping can decrease by almost 20 orders of magnitude because of the inadvertent exclusion of a possible missense SNP as a result of imperfect imputation in one cohort using the cosmopolitan panel. This single example highlights the possibility that, for a process as sensitive as fine-mapping, the use of populationspecific panels can be important as it is almost impossible to predict or detect when a cosmopolitan panel will fail to identify an unknown causal variant.
There were several reasons why the fine-mapping success at HbS was exceptional: (i) the variant confers almost 10-fold protection against severe malaria, which is a condition often fatal for young children in impoverished health systems; 5 (ii) the ongoing balancing selection between sickle cell anemia and severe malaria resulted in the presence of a single long haplotype in The Gambia, which carried the protective allele (measured by a high D′ of 1.00); (iii) the shorter LD blocks inherently present in African populations (measured by a low r 2 ); 41 and (iv) the convergent evolution of the HbS locus resulted in the protective allele residing on fundamentally different haplotype backgrounds in different populations. 42 None of these four conditions were likely to be present for causal variants driving non-communicable diseases and common traits.
Many studies have reported that population-specific panels, even if they are considerably smaller in sample size, can yield higher imputation accuracy compared with the 1KGP panel. 5, 43, 44 For example, the SSMP showed that for common variants (MAF 45%), a population-specific panel of 96 subjects can produce more accurate imputation compared with the 1KGP cosmopolitan panel, which is more than 10-fold larger in sample size, although the opposite was true when it comes to low-frequency and rare variants. Contrary to the perception that this is only true in populations not represented in the 1KGP, a recent study by the Genome of the Netherlands Consortium reported significantly better imputation over 1KGP of low-frequency and rare variants with a population-specific panel built by sequencing 769 Dutch individuals. 43 It is thus important to contextualize previous reports that a well-defined cosmopolitan panel can provide accurate imputation of unobserved variants, even for those with low allele frequencies: 12, 45, 46 these studies usually rely on statistics on imputation performance that are averaged across the whole genome, and knowledge of these statistics may only be peripherally useful when deciding whether a specific genomic region has been accurately imputed. Do we even know how common the scenario is where a causal variant is excluded from a transethnic meta-analysis, simply because the imputation accuracy failed to meet some predetermined threshold and was thus filtered out in one of the contributing GWAS?
The cost of whole-genome sequencing is dropping rapidly, and it is entirely plausible that future association studies will rely on wholegenome sequencing instead of genotyping surrogates. However, the challenge provided by long stretches of high LD will almost certainly remain to confound the search for the causal variants. Transethnic strategies can continue to provide a viable solution by leveraging on diverse LD patterns. Perhaps what is promising about this then is that imputation will no longer be required to fill in the blanks, which comes with the real risk that we exclude the very variant that we are looking for. 
